Monomer nucleoscmes from chick erythrocytes can be fractionated according to their electrophoretic mobility in (comparatively) high salt acrylamide gels. We show that the fractionation 1s based predominantly on differences 1n charge. The monomer heterogeneity persists even when the nucleosomes are trimmed down to 145 bp with Exo III or when HI and H5 are removed. The slowest migrating monomers are associated with HMG 14 and 17; however, we do not believe that these proteins are entirely responsible for the altered mobility since the nucleosome heterogeneity persists even after removal of HMG 14 and 17. The DNA associated with the HMG 14 and 17 containing nucleosomes 1s shown to be enriched 1n actively transcribed globin sequences.
INTRODUCTION
The chromosome structure of actively transcribed nucleosomes 1s different from the structure of nucleosomes that are not transcribed (1). This difference 1s most readily assayed by the preferential sensitivity of the actively transcribed nucleosomes to DNase I digestion. The sensitivity of these nucleosomes to DNase I 1s determined, in part, by their association with HMG 14 and 17 (2,3). These nuclear proteins, first characterized by Johns and co-workers (4), can be eluted from nucleosomes by 0.4M NaCl. The HMG depleted nucleosomes lose their preferential sensitivity to DNase I; however, with addition of 1 mole of HMG 14 and 17 to ten moles of total depleted nucleosomes, the preferential sensitivity of actively transcribed nucleosomes 1s restored (5). It is likely that in this assay, the preferential binding of HMG 14 and 17 to active nucleosomes reflects some additional differences between active and Inactive structures. HMG 14 and 17 seem to bind actively transcribed nucleosomes stoichiometrically and each of these proteins has the capacity to Induce DNase I sensitivity. Finally, HMG 14 and 17 can restore DNase I sensitivity onto depleted nucleosores coding for most of the nuclear RNA sequences that are transcribed.
In this paper, we described an acrylamide gel fractionation of nucleo-OIRL Press Umtted. 1 Falconberg Court London W1V6F0. U.K.
somes from chicken erythrocytes. We show that a class of nucleosomes, enriched 1n globin sequences and HMG 14 and 17, has a lower electrophoretic mobility than the bulk of the monomer nucleosome population.
MATERIALS AND METHODS
Materials: Micrococcal nuclease, tryps1n-TPCK and pancreatic DNase I were obtained from Worthington B1ochem1cals. Exonuclease III (E_. Coli) was obtained from New England BioLabs. All 1sotopes were purchased from New England Nuclear Corporation. Cells and labeling: Red blood cells from 4 or 14 day chick embryo erythroblasts were washed twice in phosphate-buffered saline (PBS, Grand Island B1ochem1cals) and resuspended 1n F 12 medium supplemented with 1% bovine serum albumen, 10* fetal calf serum, 10% embryo extract and 1% penn.-strep. 3 Hthymidine (100 uC/ml), l4 C-leuc1ne (2 uC/ml), 3 H-Na acetate (199 uC/ml) or 14 C-Na acetate (20 uC/ml) were added (Na acetate labeling of the cells was performed 1n the presence of 50 uM cycloheximide), and the cells were placed 1n gyrotory shaker at 37° for either several hours or overnight. Nuclei were prepared from red blood cells as previously described (1).
Chromatin Isolation: High molecular weight, sheared chromatin was prepared by resuspending and washing the nuclei 1n 0.075 M NaCl, 0.2 mM EDTA, 0.01 M Tris-HCl, pH 7.4. The purified, white pellet was resuspended in 5 II« Na phosphate, pH 6.8, and sonicated for 10-20 seconds with a Branson sonicator (setting 1).
Nuclease treated chromatin was prepared from mature erythrocyte nuclei, resuspended 1n RSB-0.5J NP40, 10" 4 M CaCl2 at a DNA concentration of 3-4 mg/ ml, by incubation at 37° for 10 min. 1n the presence of 50 ug/ml micrococcal nuclease.
Nuclei from erythroblasts were Incubated with 20 ug/ml enzyme for 2 min., in the same buffer.
At the end of the incubation, nuclei were pelleted by centrifugation and lysed in 0.2 mM EDTA. Alternatively, nuclei were resuspended and washed once in 0.075 M NaCl, 0.2 mM EDTA, 0.01 M Tris-HCl, pH 7.4, and resuspended in 5mM Na phosphate, pH 6.8.
Exonuclease III digestion of nuclease treated chromatin was performed as described (1).
Polyacrylamide gel electrophoresis: Nucleoprotein particles were analyzed on 51 polyacrylamide slab gels, made with an acrylanride: bisacrylamide ratio of 300:8 1n 0.01H Na acetate, 1 mM EDTA, 0.02 M Tr1s-HCl, pH 7.8.
Electrophoresis conditions for the analysis of DNA fragments on both denaturing (6.52 acrylamide slab gels containing 982 formamide and 20 mM Na phosphate at pH 7.0) and non-denaturing gels have been described (1).
Nucleoprotein and DNA gels were stained with 2ugm/ml ethidium bromide and photographed through a red filter, with uv illumination. To visualize labeled samples, gels were dehydrated in dimethyl sulfbxide, impregnated with 2.5 -diphenyloxazole (P.P.O), dehydrated and dried. Fluorography was carried out using Kodak X-Omat film, at -70° (7).
15% polyacrylamide slab gels for protein analysis were prepared according to a modification (8) of the method of Laemmli (9) . Samples were mixed with an equal volume of buffer containing 4% SDS, 202 glycerol, 102 2-mercaptoethanol, 0.0012 bromophenol blue, 0.125 M Tris-HCl, pH 6.8, and boiled for 1 min.
Elution of the DNA from poiyacrylamide gel: Specific regions of the gel were cut with a razor blade and eluted overnight at 37° with 0.12 SDS, 0.05 M Na phosphate, pH 7.3.
Blotting monomer fragments: Equal amounts of DNA eluted from five fractions across the monomer region of an acrylamide gel were electrophoresedonto 22 agarose gels and blotted onto nitrocellulose paper (0.22u), as previously described (11) except at no point did the paper come in contact with buffer lower than lOx SSC. The filters were hybridized to either nick-translated pHblOOl ( a gift from W. Salser) which is an adult specific £ -globin cDNA clone, or 32p_ ova -|bum1n cDNA according to procedures previously described (1).
RESULTS AND DISCUSSION
Electrophoretic fractionation of nucleosomes: Fig. 1 shows the electrophoretic pattern of nucleosomes prepared from chicken embryo erythrocytes and analyzed on 52 polyacrylamide gels as described in the Methods. At least three, and often four bands can be reprodudbly detected in the region corresponding to monomer nucleosomes; two to three bands are usually detected in the dimer region. The separation is not dependent on the strength of the electric field, since the same pattern is obtained whether the eletrophoresis is performed at 30, 70 or 140 Volts, nor is it affected by a two fold decrease in ionic strength. When electrophoretically separated monomers are analyzed in a second dimension on a polyacrylamide gel Identical to the one used in the first dimension, each fraction reproducibly retains its specific migration rate, and does not regenerate the entire set of bands observed 1n the monomer region. The electrophoretic heterogeneity observed among mono- and dinucleosome particles 1s also not a cell-specific phenomenon since very similar eiectrophoretic patterns are observed for nucleosomes prepared from metabolically active erythroblasts from Inactive erythrocytes, and from several tissue culture cell lines.
Analysis of nucleosomes released from chromatin after increasing levels of digestion with micrococcal nuclease (Fig. 2) shows that all of the monomer subfractions can already be detected after very mild digestion, and remain Figure 2 . Time-course of micrococcal nuclease digestion of chrornatin in nuclei. Chick embryo erythrocyte nuclei were resuspended In RSB-O.5% NP40, 10-* M CaCl2, and Incubated at 37° in the presence of 50 ug/ml micrococcal nuclease for increasing periods of time (1-10 min.). The reaction was stopped by chilling and addition of EDTA to 10 mM. Nuclear debris was removed by low speed centrifugation; the samples were analyzed, in duplicate, on a 51 polyacrylamide gel. present 1n roughly the same relative amount even after very extensive degradation. While overdigestion usually leads to a high background and loss of resolution of the Individual bands, there 1s no Indication that the breadth of the monomer region decreases. These results therefore suggest that no simple precursor-product relationship can explain the different electrophoret1c classes of monomer nucleosomes; furthermore, they appear to be all equally sensitive to nucleolytic attack, since they are released from chromatin at approximately the same rate.
The basis for the electrophoretic separation: The acrylamide gel could be separating the monomers according to shape (and size) or charge; however, no heterogeneity could be detected when nucleosomes were analyzed by hydrodynam1c methods. Thus, individual fractions across the monomer region of a sucrose density gradient or a gel filtration column contained all the monomer subclasses that are resolved by our electrophoretic analysis (not shown). These particles must therefore be characterized by very similar hydrodynamic properties, such as molecular weight and frictional coefficient. F1g. 3A shows the results from an analysis of nucleosomes on an horizontal acrylamide gradient slab gel. In this system, the particles, migrating 1n the gel from top to bottom, are subject to a constant voltage, but the sieving effect of the gel Is gradually changing by decreasing the acrylamide concentration from left to right. If the difference 1n mobility of the mononucleosomes were mainly due to their size or shape, the particles would be expected to migrate closer together in the region of lower acrylamide concentration, and to be more distinctly resolved 1n the opposite region. As can be seen in Fig. 3A , the relative mobility of the various subfractions is not affected by the change in gel density, and the bands corresponding to the different particles remain parallel throughout the gel. This Is more clearly shown 1n F1g. 3B, where the data 1s plotted according to Haurer (12) and the logarithm of the mobility (log m) of each fraction 1s graphed as a function of the gel density T and log m is a linear function of the gel density (log m = log HIQ + kT). The slopes of the straight lines obtained 1n such plots are linearly related to the molecular weight of the particles. Log m 0 , the free mobility or mobility at OJ gel density 1s directly proportional to the electrical charge of the particle; its value can be obtained by extrapolation to the ordinate Intercept (12). It is evident from Fig. 3B that the straight lines for each monomer subfraction are parallel to each other; the line generated by the dimers has however a clearly different slope, as expected, given the larger molecular weight of these particles. From this analysis, 1t can be concluded 4 .5% 2.5% (Table I) . Each nucleosome is known to consist of a histone octamer (2 molecules of H3, H4, H2a and H2b per particle) and a DNA fragment which, in the case of the monomer fraction with highest electrophoretic mobility, Is about 145 bp long, as will be shown below. Assuming that in the particles with highest electrophoretic mobility all the charged residues present (290 negatively charged phosphate groups of the DNA, 74 negatively charged aspart1c and glutamic adds and 240 positively charged lysines, histidines and arginines of the histone, resulting in 124 net negative charges per particle) contribute to the electrophoretic mobility, 1t can be calculated that the other monomer subfractions migrate as 1f they lacked, respectively, 20 and 28 negative charges. In principle, this could be due to differences in the individual structural components of each particle, or to differences in internal organization such that fewer charged residues actually interact with the electric field and are presumably neutralized by tightly bound counterions.
Differential binding of spermidine: Independent evidence for a difference 1n the number of negative residues easily accessible to the solvent in the various monomer subfractions is also provided by an experiment 1n which nucleosomes were electrophoretically separated as previously described, and then the slot of the gel containing the sample was soaked 1n 3H-spermid1ne for several hours. In F1g. 4, the nucleosome pattern visualized by staining with ethidium bromide 1s compared with the pattern obtained by fluorography of the same sample after treatment with spermidine followed by extensive washing 1n H 2 0 to remove the unbound and weakly bound 3 H-spermid1ne. It 1s evident from F1g. 4 that the monomer species with lower electrophoretic mobility Table I : Estimate of the relative electrical charge of the three monomer subfractionTi The electrical charge of each monomer subfraction relative to that of the fastest migrating species was estimated from the ratio of the corresponding mo values, extrapolated from the plot shorn in 3 H-sperm1d1ne binding to nucleosomes. Nuclease treated chromatin was analyzed on a 5% polyacryl amide gel, and the nucleosome pattern was visualized by eth1d1um bromide staining (a). The region of the gel containing the sample was cut, soaked for several hours 1n 2 ml of electrophoresis running buffer containing 10 uC of 3 H-sperm1dine, and then extensively washed 1n H2O, with several changes, until no morê H-rad1oact1vity was released, (b) shows the pattern obtained by fluorography.
contain significantly less spermidine than expected on the basis of the amount of material present in these bands, as detected by ethidium bromide staining. (Actually, ethidium staining probably underrepresents the amount of DNA 1n the slower migrating nucleosomes since fluorography with 3 H-thym1d1ne labeled monomers usually gives a slightly higher (19-20%) abundance of these classes). We interpret these results to mean that the slower migrating particles contain fewer sites for spermidine binding, presumably because potential sites are already filled by tightly bound counter-1ons or because potential sites are weak and sperm1d1ne that 1s bound initially 1s rapidly lost during the washing procedures.
DNA size 1n the monomer subfractions: The length of the DNA fragments present 1n the monomer subfractions was determined by elution of the DNA from each of the electrophoretically separated monomer species. While there 1s a partial overlap 1n the sizes of the DNA eluted from different fractions, the more slowly migrating fraction tends to contain longer DNA fragments (Fig. 5) . This was initially somewhat surprising given our previous analysis showing that the faster migrating particles were more negatively charged and hence, might be expected to be associated with the largest and not the smallest DNA fragments. In order to establish whether the length of the DNA 1s a determining factor 1n the dectrophoretic fractionation of the monomers, nucleosomes were treated with E_. coll Exonuclease III. The mode of action of this 3'-specific exonuclease has been described previously (6) . Exonuclease III trims monomer nucleosomes to a double-stranded DNA fragment of about 145 bp. Further digestion, proceeding symmetrically from both 3 1 ends, generates fragments of discrete length that are Integer multiples of 10 bases and rangê slow monomer fractions from control chromatin are clearly different in size, those recovered from particles treated with Exonuclease III are virtually Identical, 145 bp or less. In conclusion, these experiments indicate that, while the DNA fragments present 1n the monomer subfractions are generally different in size, these differences are not responsible for the differential migration rate of all of the slower migrating particles, since they can be elimated (with Exo. Ill) without greatly affecting the electrophoretic heterogeneity of the monomers. In addition, the trimmed particles do not have a dramatically reduced mobility. This suggests that, surprisingly, the additional linker DNA itself, contributes very little to the overall electrophoretic charge of the particle,or if it does then Its contribution is cancelled by a hydrodynamic effect.
Further evidence in support of the conclusion that the linker DNA 1s not responsible for the heterogeneity is provided by the comparison of thedectro-phoretic pattern of nucleosomes generated by micrococcai nuclease digestion of nuclei at 0° and 37° (13). At both temperatures micrococcai nuclease initially attacks the DNA between nucleosomes, acting as an endonuclease. At 0° however, the subsequent exonucleolytic trimming of the DNA linker region of the particles proceeds at a significantly lower rate. Thus, monomer nucleosomes generated at 0° contain only DNA fragments of about 180 bp or longer. Much of the DNA 1n the particles generated by incubation at 37° 1s in contrast, rapidly trimmed down to 145 bp. F1g. 8 shows theelectrophoretic pattern of nucleosomes generated at 0° and 37°: no difference can be detected 1n the relative mobility of the various monomer subfractions, despite the fact that the average length of the monomer -size DNA extracted from the two nucleosomes preparations was significantly different (between 145 and 170 bp at 37° and between 180 and 210 bp at 0°).
Protein content of the monomer subfractions: The proteins associated with each monomer band were determined by electrophoresing the monomers 1n a second dimension on an SDS acrylamide gel (Fig. 9) . The four Inner histones are present in roughly equimolar amounts 1n each of the monomer fractions while HI and H5 are absent, not only from each monomer fraction, but also from the dimer fraction. From a number of different determinations, the HI and to a lesser extent, the H5 content is also diminished 1n the trimmer and often in the tetramer region of the gel; however, the complete absence of tnese proteins in oligonucleosomes is often very variable. The results with HI and H5 were initially quite surprising since under our standard conditions of sedimentation or gel filtration, monomers usually contain both HI and H5. In addition, a number of investigators (14, 15) have reported that HI and H5 are associated with a specific sub-class of nucleosome; however, theirelectrophoretic buffer conditions are generally much lower in Ionic strength than the one we have employed and we have obtained their results using their conditions. A rather simple and straightforward explanation for the different results in the two systems is that HI probably has at least two separate Finally, when HI, H5 and HMGs are eluted by sedimentation of monomers, through sucrose gradients in 0.65M NaCl and the monomers dialyzed to low salt and analyzed by electrophoresis, we obtain the same heterogeneity 1n monomer mobility. This again confirms the previous results showing that HI and H5 are not responsible for this heterogeneity. The experiment also indicates that while HMG 14 and 17 may contribute to this heterogeneity, and may prefer to bind to the slowest migrating particles, other factors are also Important.
Conformational heterogeneity of the nucleosomes: Analysis of the structural constituents of the nucleosomes Indicates that their electrophoretic heterogeneity can be explained only in part by differences 1n their DNA or protein content. On the other hand, the various monomer species may be characterized by more subtle conformation differences. Some evidence for a variability 1n the DNA configuration is provided by the following observation. When micrococcal nuclease 1s used to digest sheared chromatin 1n solution, Intranucleosomal DNA is attacked at a much faster rate than when digestion occurs in nuclei. The nucleosomes obtained in this way (10) exhibit the sameelectrophoretic pattern described for nucleoscmes released by digestion of chromatin 1n nuclei (Fig. 10A) ; however, the DNA within each particle 1s cleaved and is presumably still held together by histones. Fig. 10B shows the pattern of DNA fragments eluted from cleaved H3 and H4 (slots4 and 5); and amino terminally cleaved H2a and H2b (slots [6] [7] [8] . While digestion of HI and H5 has no effect on the absolute and relative mobility of the particles, removal of the N^-terminal highly basic segments of (mainly) H3 and H4 (and digestion of HMG 14 and 17 as well) results in a tightening of the monomer band and the disappearance of the heterogeneity among monomer nucleosomes. More extensive trypsinization preserves the electrophoretic homogeneity but results in an even higher mobility of the particles, presumably due to loss of positive charge. No free DNA, which would migrate even faster than the trypsinized monomers, is released at any stage of trypsinization and the particles retain their hydnodynamic properties as assayed by sedimentation (data not shown). Thus, by this assay, the basic "fingers" of H3 and H4 (or the associated HMGs which are digested at about the same time) are largely required for the maintenance of the heterogeneity 1n the nucleosome population. Since 10-20% of the nucleosomes 1n our preparations are actively transcribed, the observation that this amount of DNA is not released as free DNA after trypsin digestion indicates that active nucleosomes still remain associated with protein after trypsin treatment.
In contrast to the results with trypsin, the electrophoretic pattern of nucleosomes exposed to Increasing concentrations of urea (up to 8M) and then analyzed on a normal polyacrylamide gel 1n the absence of urea shows no change in monomer heterogeneity. Even complete dissociation of the nucleosomes into their components by exposure to 2M NaCl and 8M urea followed by reconstitution of the nucleoprotein complex by dialysis to l OmM EDTA, results 1n the formation of particles which are indistinguishable from native particles in their electrophoretic heterogeneity (data not shown).
Sequence analysis of DNA from the individual monomer fractions: In separate experiments (21), 1t was shown that when driven by an excess of hnRNA, labeled DNA obtained from the fastest migrating particles 1s depleted 1n complementary sequences while DNA from the slowest migrating particles is enriched in these sequences.
The electrophoretic separation of active and inactive nucleosomes Is better visualized in Fig. 12 . DNA from five fractions across the monomer nucleosome region of a typical acrylamide gel was eluted from the gel slices. The purified DNA was then loaded onto five lanes of a 2% agarose gel at 20 ugm per lane. After entering the gel, the electrophoresis was stopped and the agarose gel blotted onto nitrocellulose paper as described 1n the Methods. The transferred DNA was then hybridized to either pHblOOl, a beta globin cDNA clone, or after decay of the globin probe, the same blot was hybridized to ovalbumin cDNA. Figure 12 shows the results from a typical experiment. Glob1n containing nucleosomes are located predominantly 1n the slower migrating region of the monomer nucleosome separation, while ovalbumin sequences seem to be distributed throughout the nucleosome population, although they are enriched in the fastest migrating particles. While 1t 1s clear from these results that the slowest migrating particles contain the globin sequences, it is also clear that all of the ovalbumin sequences are not totally associated with the fastest migrating monomers. We believe that a small proportion of ovalbumin containing nucleosomes 1n our preparations are not sufficiently trimmed down to core particles and consequently, co-migrate with the slower monomers. Thus, In separate experiments we have shown that the fraction of ovalbumin sequences in the slower monomers decreases with increasing times of digestion with staph nuclease. Thus, to summarize, the majority of red cell nucleosomes are present in a fast mobility class and these particles are deficient in actively transcribed globin sequences and enriched in nontranscribed ovalbumin sequences. In addition, there 1s a class of nucleosomes with a lower mobility. This fraction is enriched 1n nucleosomes that are associated with HMG 14 and 17 (see Fig. 9B ). This fraction 1s also enriched 1n globin sequences and, when trimmed down to core particles, depleted 1n ovalbumin sequences.
Recently, Georgiev and his colleagues (20) have shown that subnucleosomal particles enriched in HMG 14 and 17 are also enriched in actively transcribed DNA sequences. Using our gel system we rarely observe subnucleosomal particles; however, we also obtain their results using their methods. As mentioned previously, the main difference between their qel methods and ours is that our system uses a much higher 1on1c strength buffer. We presume that the higher salt stabilizes subnucleosomal particles by stabilizing proteinprotein Interactions and thereby holding together an internally cleaved particle. This interpretation is supported by the observation that 1n oar system the slowest migrating particles are cleaved Internally at sites that are different from the faster migrating particles (Fig. 10B) ; nevertheless, the particles remain Intact, presumably being held together by protein-protein interactions. Since the subnucleosome particle containing HMG 14 and 17 1s associated with 30 bp of DNA (20), the additional results presented here suggest that this sub-particle is actually derived from a separate "domain" within a fairly typical nucleosome framework.
In conclusion, we have shown that monomer nucleosomes are electrophoretically heterogeneous. For the most part, this heterogeneity probably reflects an altered surface charge and not an altered shape. The differences observed cannot be explained by differences 1n hi stone content, DNA length, or presence of HI. The slowest migrating nucleosones contain globin DNA sequences and HMG 14 and 17. The fastest migrating particles do not contain HMG 14 and 17 nor are they associated with globin sequences. It is clear, though, that using the usual preparations of nucleosomes, some ovalbumin containing nucleosomes also contaminate the putative active fraction. While some of the monomer heterogeneity could be explained by an association with HMG 14 and 17, the heterogeneity remains even when these proteins are preferentially removed and the associated DNA trimmed to 145 bp. Thus, by elimination, we suggest that monomer nucleosomesare electrically heterogeneous. Whether this arises from different metastable histone states or from DNA or histone nxxiifications remains to be determined; however, our attempts to show dramatic differences (ie, differences present in sto1chiometr1c amounts to the nucleosane) in histone acetylation between the various monomers have not been successful.
